1 Different dopants with their specific dopant concentration can be utilized to produce ferroelectric HfO 2 thin films. In this work it is explored for the example of Sr in a comprehensive first-principles study. Density functional calculations reveal structure, formation energy and total energy of the Sr related defects in HfO 2 . We found the charge compensated defect including an associated oxygen vacancy Sr Hf V O to strongly favour the non-ferroelectric, tetragonal P4 2 /mnc phase energetically. In contrast, the uncompensated defect without oxygen vacancy Sr Hf favours the ferroelectric, orthorhombic Pca2 1 phase. According to the formation energy the uncompensated defect can form easily under oxygen rich conditions in the production process. Low oxygen partial pressure existing over the lifetime promotes the loss of oxygen leading to V O and, thus, the destabilization of the ferroelectric, orthorhombic Lett., vol. 111, no. 8, p. 82902, 2017 and In such thin films further stabilization by appropriate doping is required [7][8][9]22,23 . For the case of Sr doping, ferroelectricity was observed in a 10 nm film between 1.7 and 7.9 mol% SrO content with the maximum polarization observed at around 3.4 mol% SrO 24 . The effect of
Polycrystalline HfO 2 thin films produced by Atomic Layer Deposition (ALD) or Chemical Solution Deposition (CSD) can exhibit ferroelectric properties if they are appropriately doped [1] [2] [3] [4] [5] [6] [7] [8] [9] . An orthorhombic, non-centrosymmetric phase (Pca2 1 ) has been proposed as the source of these properties which has since been confirmed by electron diffraction study 10 .
Furthermore, another theoretically proposed ferroelectric Pmn2 1 phase has been ruled out by the same study and is therefore not included in this work. Pure HfO 2 occurs naturally in a monoclinic (P2 1 /c) phase. With increasing temperature a transformation into the tetragonal (P4 2 /mnc) and then the cubic (Fm3m) phase occurs 11 avoiding the orthorhombic phase.
Different Density Functional Theory (DFT) studies consistently calculate the total energy of the orthorhombic phase as second most stable after the monoclinic phase and are able to reproduce the thermally driven phase transformation 12,13 giving credibility to the used density functionals.
To explain the occurrence of the ferroelectric phenomena, factors favouring the orthorhombic phase have been proposed 13-15 including entropy contribution, surface or interface energy, stress, and doping. Surface or interface energy stems from the large surface to volume ratio of the individual crystals in the polycristalline HfO 2 thin films 13, 16 with grain sizes typically in the range of the film thickness (5 nm to 30 nm) [17] [18] [19] [20] with the ABINIT code [33] [34] [35] . Several LDA calculations were repeated with the all electron code FHI-AIMS 36 based upon numeric, atom-centered orbitals of type tight with first and second tier enabled. In the remainder of this work we will refer to those two methods as plane waves (PW) and numerical orbitals (NO), respectively. The stopping criteria for the electronic convergence was a force criteria of 10 −6 Hartree/Bohr (PW) and 10 −4 eV/Å(NO).
The stopping criteria for the structural convergence was a force criteria of 10 −5 Hartree/Bohr (PW) and 10 −3 eV/Å(NO). Charged and neutral defect calculations in monoclinic, tetragonal, cubic, and orthorhombic HfO 2 were performed with 96 atomic super cells using a 2×2×2
Monkhorst-Pack k-point set, a plane wave cut off of 18 Ha and a PAW cut off of 22 Ha in accordance with a convergence study. Charge neutral 48 atomic super cells with a 2 × 4 × 2 k-point grid were used to determine the phase stability at 6.25 f.u.% defect concentration.
The defect formation energies E f were calculated as
using the DFT total energies U of both HfO 2 without and with a defect X ∈ {Sr The main result from this paper is the connection between the phase stability of defective interface observed by Grimley 42 . An interface energy, however, is expected to depend sensitively on doping. Altogether, we expect a surface or interface related energy penalty for the monoclinic phase starting at around 30 meV for pure HfO 2 and increasing significantly with doping. We therefore expect ∆U of the orthorhombic phase to become negative for some Sr concentrations and the film to become ferroelectric. Important for the ferroelectric stabilization is that the orthorhombic phase turns always out to be more favourable than the tetragonal phase. In summary a mechanism is proposed, based on first-principles DFT calculations, to explain the influence of Sr doping on the phase stability in HfO 2 . The tetragonal phase is strongly preferred by the incorporation of the Sr Hf V O defects while the Sr Hf allows for the stabilization of the ferroelectric orthorhombic phase. The uncompensated defect can form in sufficiently oxygen rich environments, which might exist during the production process. The loss of oxygen during field cycling may increase the charge compensation which promotes the phase transformation into other HfO 2 polymorphs. This contributes to the fatigue behavior.
The proposed mechanism has the potential to describe the action of other dopants on the ferroelectric phase in HfO 2 if appropriately adapted and expanded. 
